If neutrino masses and mixings are suitable to explain the atmospheric and solar neutrino fluxes, this amounts to contributions to FCNC processes, in particular µ → e, γ. If the theory is supersymmetric and the origin of the masses is a see-saw mechanism, we show that the prediction for BR(µ → e, γ) is in general larger than the experimental upper bound, especially if the solar data are explained by a large angle MSW effect, which recent analyses suggest as the preferred scenario.
1 See-saw, RG-induced LFV soft terms and l i → l j , γ
In the pure Standard Model, flavour is exactly conserved in the leptonic sector since one can always choose a basis in which the (charged) lepton Yukawa matrix, Y e , and gauge interactions are flavour-diagonal. If neutrinos are massive and mixed, as suggested by the observation of atmospheric and solar fluxes 1 , this is no longer true and there exists a source of lepton flavour violation (LFV), in analogy with the Kobayashi-Maskawa mechanism in the quark sector. Unfortunately, due to the smallness of the neutrinos masses, the predicted branching ratios for these processes are so tiny that they are completely unobservable, namely BR(µ → eγ) < 10 −50 2 . In a supersymmetric (SUSY) framework the situation is completely different. Besides the previous mechanism, supersymmetry provides new direct sources of flavour violation in the leptonic sector, namely the possible presence of off-diagonal soft terms 3 . In a self-explanatory notation, they have the form
Ri H 1 L j + h.c. + etc. ,(1) where we have written explicitly just the soft breaking terms in the leptonic sector, namely scalar masses and trilinear scalar terms. All the fields in the previous equation denote just the corresponding scalar components. Concerning flavour violation the most conservative starting point for L soft is the assumption of universality, which corresponds to take 
so that working in the L i and e Ri basis where Y e is diagonal, the soft terms do not contain off-diagonal (lepton flavour violating) entries.
It turns out, however, that even under this extremely conservative assumption, if neutrinos are massive, radiative corrections may generate offdiagonal soft terms.
The most interesting example of this occurs when neutrino masses are produced by a (supersymmetric) see-saw mechanism 4 . This is based upon a superpotential
where W 0 is the observable superpotential, except for neutrino masses, of the preferred version of the supersymmetric SM, e.g. the MSSM. The extra terms involve three additional neutrino chiral fields (one per generation; indices are suppressed) not charged under the SM group: ν Ri (i = e, µ, τ ). Y ν is the matrix of neutrino Yukawa couplings, L i (i = e, µ, τ ) are the left-handed lepton doublets and H 2 is the hypercharge +1/2 Higgs doublet. The Dirac mass matrix is given by
Finally, M is a 3 × 3 Majorana mass matrix whose natural scale, say M , is much larger than the electroweak scale or any soft mass. Below M the theory is governed by an effective superpotential
, obtained by integrating out the heavy neutrino fields in (3). Hence, the effective neutrino mass matrix, M ν , is given by
where
The experimental data about neutrino masses and mixings are referred to the M ν matrix, or equivalently κ, evaluated at low energy (electroweak scale) a . Turning back to the structure of the SUSY soft-breaking terms, the universality condition (2) can only be imposed at a certain scale, typically at the scale at which the soft breaking terms are generated, e.g. M X in GUT models. Below that scale, the RGEs of the soft terms, which contain nondiagonal contributions proportional to Y + ν Y ν , induce off-diagonal soft terms 5, 6, 7, 8 These contributions are decoupled at the characteristic scale of the right-handed neutrinos, M . More precisely, in the leading-log approximation b , the off-diagonal soft terms at low-energy are given by
a It should be noted that eq. (4) is defined at the "Majorana scale", M . Therefore, in order to compare to the experiment one has still to run κ down to low energy through the corresponding RGE. b We use the leading-log approximation through the text in order to make the results easily understandable. Nevertheless, the numerical results, to be exposed below, have been obtained by integrating the full set of RGEs. where i = j and Y li is the Yukawa coupling of the charged lepton l i . The previous off-diagonal soft terms induce LFV processes, like l i → l j , γ. The precise form of BR(l i → l j , γ) that we have used in our computations is a rather cumbersome expression 7 . However, for the sake of the physical discussion it is interesting to think in the mass-insertion approximation to identify the dominant contributions. As discussed in ref.
8 , these correspond to the mass-insertion diagrams enhanced by tan β factors. All of them are proportional to m 2 Lij , and have the generic form shown in Fig. 1 . Thus the size of the braching ratios is given by
where we have used eqs. (5) . The Y + ν Y ν matrix is therefore the crucial quantity for the computation of BR(l i → l j , γ). Hence, in order to make predictions on BR(l i → l j , γ) we need to determine the most general form of Y ν and Y + ν Y ν , compatible with all the phenomenological requirements. Recall that the latter are referred to the M ν matrix, evaluated at low energy, rather than to Y ν itself. So, this is a non-trivial task that we discuss in the next section. Notice also the strong dependence of BR(l i → l j , γ) on tan β and the fact that the larger (smaller) the initial scale at which universality is imposed, the larger BR(l i → l j , γ).
General textures reproducing experimental data
Working in the flavour basis in which the charged-lepton Yukawa matrix, Y e , and gauge interactions are flavour-diagonal, the neutrino mass matrix, M ν ,
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or equivalently the κ matrix defined in eq. (4), is diagonalized by the MNS 9 matrix U according to
where U is a unitary matrix that relates flavour to mass eigenstates. It is possible, and sometimes convenient, to choose κ i ≥ 0. Then, U can be written 
The experimental information about neutrinos consists of information about the low-energy spectrum of neutrinos, contained in D κ , and about the neutrino mixing angles (and CP phases), contained in U . Let us discuss them in order.
The experimental (solar and atmospheric) data 1 strongly suggest a hierarchy of neutrino mass-splittings, ∆κ Concerning the mixing angles, θ 23 and θ 13 are constrained by the atmospheric and CHOOZ data to be near maximal and minimal, respectively. The θ 12 angle depends on the solution considered for the solar neutrino problem: it should be either near maximal (LAMSW, LOW and VO) or near minimal (SAMSW). Hence, the two basic forms that U can present are either a singlemaximal or (more plausibly) a bimaximal mixing matrix. Schematically,
Let us turn to our question of what is the most general form of Y ν and Y + ν Y ν compatible with all the previous phenomenological requirements in a see-saw scenario. Notice, in the first place, that one can always choose to work in a basis of right neutrinos where M is diagonal
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where R is any orthogonal matrix (R can be complex provided R T R = 1). So, besides the physical and measurable low-energy parameters, contained in Next, we study the general predictions for BR(l i → l j , γ), focussing on BR(µ → eγ), by considering, in a separate way, some interesting scenarios that often appear in the literature. A more detailed discussion can be found in Ref.
14 .
Predictions for BR(l
⋆ If R is a generic matrix, with R 32 = 0 or whereθ 1 ,θ 2 ,θ 3 are arbitrary complex angles [eq. (13) is sufficiently general for this case], one obtains in particular
Here |Y 0 | 2 is the largest eigenvalue of Y 
where the numerical values of the entries correspond to a bimaximal mixing V matrix. For these cases (Y
, which can still be sizeable. In any case other processes, as BR(τ → µ, γ), are not suppressed, normally lying above the forthcoming experimental upper bound.
• If R is such that Y + ν Y ν is diagonal. This requires a very special form of R, which in particular has R 32 , R 33 ≃ 0.
In particular, taking into account
where Fig. 3 for the LAMSW scenario.
The branching ratio turns out to be already above the present experimental limits except for a rather small region of m 0 values which should be probed by the next generation of experiments. Here are not special textures where the branching ratio becomes suppressed.
⋆ If R is complex, the analysis is more involved since it contains more arbitrary parameters. But in general the conclusion is the same: BR(µ → e, γ) is at least of the same order as in the real case. Now there exists, however, the possibility of a (fine-tuned) cancellation.
Then, it is logical to assume that M has degenerate eigenvalues, otherwise a big conspiracy would be needed between Y ν and M. for the LAMSW. Therefore all the plots representing BR(µ → e, γ) in the previous scenario (Fig. 3) are valid here, but with the vertical axis re-scaled eight orders of magnitude smaller. Consequently, BR(µ → e, γ) is naturally suppressed below the present (and even forthcoming) limits.
which may have sizeable off-diagonal entries. Hence, BR(µ → e, γ), could be very large in this case.
⋆ If the (quasi-) degeneracy is only partial: . This represents a suppression factor ∼ 10 −1 for the LAMSW, which means that Fig. 3 should be re-scaled by a factor ∼ 10 −2 . As a consequence, BR(µ → e, γ) for this partially degenerate scenario should be testable within the next generation of experiments. The conclusion is similar for BR(τ → µ, γ).
For generic complex R, the value of BR(µ → e, γ) does not get any suppression and falls naturally above the present experimental limits.
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If the origin of the neutrino masses is a supersymmetric see-saw, which is probably the most attractive scenario to explain their smallness, then the leptonic soft breaking terms acquire off-diagonal contributions through the RG running, which drive non-vanishing BR(l i → l j , γ). These contributions are proportional to (Y + ν Y ν ) ij , where Y ν is the neutrino Yukawa matrix, Therefore, in order to make predictions for these branching ratios, one has first to determine the most general form of Y ν and Y + ν Y ν , compatible with all the phenomenological requirements. This is summarized in eqs. (11, 12) .
Then, we have shown that the predictions for BR(µ → e, γ) are normally above the present experimental limits if the three following conditions occur 1. The solution to the solar neutrino problem is the LAMSW, as favoured by the most recent analyses.
This occurs e.g. in most grand-unified scenarios.
3. The soft-breaking terms are generated at a high-energy scale, e.g. M X , above the Majorana mass of the right-handed neutrinos, M .
These conditions are very plausible. In our opinion, the most natural scenarios fulfill them, but certainly there exists other possibilities. E.g. it may happen that supersymmetry is broken at a scale below M . This is the case of gauge-mediated scenarios, where there would be no generation of off-diagonal leptonic soft terms through the RG running.
Even under the previous 1-3 conditions, there are physical scenarios compatible with the present BR(µ → e, γ) experimental limits. Namely
• Whenever all the leptonic flavour violation can be attributed to the sector of right-handed neutrinos. In this case there is no RG generation of nondiagonal soft terms.
• In the scenario of hierarchical (left and right) neutrino masses, if Y ν has (in our basis) one of the two special textures shown in eqs. (15, 16 ).
• If the left-handed neutrinos are quasi-degenerate and the R matrix in eq. (11) is real.
In our opinion, the scenario of quasi-degenerate neutrinos and the one with gauge mediated supersymmetry breaking represent the most plausible explanations to the absence of µ → e, γ observations, specially if the absence persists after the next generation of experiments.
As a final conclusion, the discovery of neutrino oscillations makes much more plausible the possibility of observing lepton-flavour-violation processes, specially µ → e, γ, if the theory is supersymmetric and the neutrino masses are generated by a see-saw mechanism. Large regions of the parameter space are already excluded on these grounds, and there exists great chances to observe µ → e, γ in the near future (PSI, 2003) . This means that, hopefully, we will have signals of supersymmetry before LHC.
